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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


•  Graphene  three-dimensional 

network  (G3DN)  structure  is  pre¬ 
pared  by  CVD  on  a  Si  substrate. 

•  Pt/G3DN  catalyst  shows  tremendous 
catalytic  activity,  excellent  long  term 
cycle  stability. 

•  Wavy  nanosheet  channels  are  bene¬ 
ficial  to  diffusion  of  liquid  reactants 
into  catalyst  sites. 

•  The  channels  result  in  reduction  of 
liquid  sealing  effect  greatly. 
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We  report  a  graphene  three-dimensional  network  (G3DN)  structure  on  a  Si  substrate,  which  is  used  as  Pt 
nanoparticle  support  for  effective  electrocatalytic  oxidation  of  methanol  and  ethanol.  The  controllable  Pt 
loading  on  the  G3DN  is  conducted  by  a  facile,  repeatable  and  environmentally  friendly  approach.  The 
influence  of  graphene  architecture  on  electrocatalytic  activities  is  comparatively  investigated  by  loading 
the  same  amount  of  Pt  on  the  G3DN  and  on  commercial  graphene  sheets  (CGS).  The  Pt/G3DN 
(0.01  mgpt  cm-2)  electrode  exhibits  a  tremendous  electrocatalytic  activity  for  the  oxidation  of  methanol 
and  ethanol  with  oxidation  current  of  910.11  mA  mgpt1  and  246.69  mA  mgpt1  respectively  owing  to  its 
high  density  of  three-dimensional  active  sites,  wavy  sheet-network  channels  and  synergistic  effect  of  Pt 
and  graphene.  The  peak  current  density  ratio  of  the  forward  to  backward  potential  scan  is  2.79  and  0.65 
for  the  methanol  and  ethanol  oxidation  respectively.  The  results  reveal  excellent  characteristics  of  the  Pt/ 
G3DN  electrode,  such  as  easy  preparation,  high  catalytic  activity,  stability  and  tolerance  toward  poisoning 
effects  for  the  electrooxidation  of  methanol. 
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1.  Introduction 

Fuel  cells  have  been  generally  recognized  as  a  promising  power 
source  for  daily  transportation  vehicles  and  portable  electronic 
devices,  because  they  convert  the  chemical  energy  of  a  fuel  directly 
into  electrical  energy  without  a  mechanical  transmission  and  high 
pollutant  discharge  [1-4].  Direct  alcohol  fuel  cells  (DAFCs),  one 
type  of  the  direct  fuel  cells,  use  liquid  alcohol  as  a  fuel  without  a 
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reforming  step,  and  have  a  simple-compact  system  with  higher 
energy  density  than  that  of  gaseous  fuel  cells.  They  can  work  at 
ambient  temperature  and  observably  avoid  the  difficulty  of  thermal 
management  for  small  systems.  Compared  with  rechargeable  bat¬ 
teries,  DAFCs  can  supply  continuous  power  as  long  as  methanol  or 
ethanol  is  furnished.  Methanol  can  be  more  efficiently  oxidized 
than  other  alcohols,  and  ethanol  is  one  of  the  most  promising  fuels 
with  its  low  toxicity,  abundance,  low  permeability  across  proton 
exchange  membrane  [5]  and  higher  energy  density 
(1325.31  kj  mol-1)  than  that  of  methanol  (702.32  kj  mol”1)  [6  .  In 
this  energy  conversion  process,  distribution  of  catalysts  like  Pt 
nanoparticles  on  different  architectures  of  supports  greatly  de¬ 
termines  the  energy  density  and  conversion  efficiency.  Hence, 
exploitation  of  architectures  with  porous  or  3D  structure  for  cata¬ 
lyst  loading  is  a  challenging  and  significant  work. 

There  are  a  number  of  support  materials  for  Pt  catalysts,  such  as 
Sn02  flower-like  crystals  [7  ,  Ti02  spheres  [8],  carbon  microspheres 
[9,10  ,  carbon  fibers  [11  ,  carbon  nanotubes  [12-14  ,  graphene 
[15-20],  etc.  Carbon  materials  have  been  studied  widely  as  elec¬ 
trocatalyst  supports  because  of  their  good  conduction,  chemical 
stability  and  low  cost.  Among  these  carbon  materials,  graphene 
that  consists  of  carbon  atoms  arranged  in  a  honeycomb  lattice  has 
received  tremendous  attention  since  it  was  experimentally 
discovered  in  2004  [21  .  And  graphene  has  notable  advantages  such 
as  electrical  conductivity,  large  specific  surface  area,  chemical  sta¬ 
bility  and  easy  adsorption  of  catalyst  nanoparticles,  which  can  be 
used  to  construct  a  highly  efficient  catalyst  electrode  for  fuel  cells. 
However,  there  are  some  problems  with  the  catalyst  electrode  that 
is  made  by  Pt  nanoparticles  supported  on  the  graphene  powder, 
such  as  the  difficult  preparation  process,  a  little  porous  structure 
owing  to  the  strong  planar  stacking  of  graphene  sheets,  and  easy 
detachment  of  the  graphene  sheets  from  the  substrate.  Recently, 
graphene  on  three-dimensional  Ni  foam  with  pore  size  of  590  pm 
[22]  has  been  used  to  support  PtRu  catalyst,  which  demonstrates 
enhanced  catalytic  activity  for  both  methanol  and  ethanol  oxida¬ 
tion,  but  the  catalytic  effect  is  not  very  satisfactory  due  to  its  too  big 
pore  size  to  form  high  density  catalytic  sites.  Although  the  3D 
framework  of  graphene  oxide  with  a  loading  of  Pt/PdCu  nano¬ 
particles  deposited  on  a  glassy  carbon  electrode  presents  a  high 
efficiency  of  ethanol  oxidation  23],  the  complicated  fabrication 
process  and  possible  detachment  of  catalyst  layer  from  the  sub¬ 
strate  are  fatal  disadvantages  for  its  applications. 

Herein,  we  report  a  graphene  3D  network  (G3DN)  structure 
growing  firmly  and  directly  on  a  Si  substrate  by  CVD  method,  which 
is  used  as  Pt  nanoparticle  support  for  effective  electrocatalytic 
oxidation  of  methanol  and  ethanol.  The  controllable  Pt  loading  on 
the  G3DN  is  conducted  by  a  facile,  repeatable  and  environmentally 
friendly  approach.  The  G3DN  and  Pt/G3DN  catalysts  are  charac¬ 
terized  by  Raman  spectra,  field  emission  scanning  electron  micro¬ 
scope  (FESEM),  energy-dispersive  X-ray  spectroscope  (EDS)  and 
high  resolution  transmission  electron  microscope  (HRTEM).  The 
performance  of  the  Pt/G3DN  catalyst  for  methanol  and  ethanol 
electrooxidation  is  studied  via  cyclic  voltammetry  (CV),  linear 
sweep  voltammetry  (LSV)  and  chronoamperometry  in  alkaline 
medium.  To  find  out  the  influence  of  graphene  architecture,  elec¬ 
trocatalytic  activities  are  comparatively  investigated  by  loading  the 
same  amount  of  Pt  on  the  G3DN  and  commercial  graphene  sheets 
(CGS). 

2.  Experimental 

2.1.  Chemicals 

H2PtCl6  -6H20,  methanol,  ethanol,  Na2S04,  KOH  and  H2S04  were 
purchased  from  Chongqing  Chemical  Reagent  Company.  Single  side 


polished  p-type  silicon  wafer  (0.01-0.02  Q  cm,  500  ±  10  pm  in 
thickness,  crystal  orientation  <100>)  was  purchased  from  Zhejiang 
Lijing  Optoelectronic  Technology  Co.,  Ltd.  Commercial  graphene 
(SGNP-F01005)  was  purchased  from  Nanjing  SCF  Nanotech,  Ltd. 
Nation®  and  silver  paste  were  purchased  from  Sigma-Aldrich  and 
SPI  Supplies.  All  chemicals  were  of  analytical  grade  and  were  used 
as  received.  Deionized  water  was  used  throughout. 

2.2.  Preparation  of  Pt/G3DN  and  Pt/CGS  catalyst  electrodes 

The  G3DN  was  prepared  by  CVD  method.  In  a  typical  experi¬ 
ment,  a  Si  wafer  was  washed  in  acetone  and  ethanol  by  turns  for 
30  min,  then  rinsed  with  deionized  water  and  dried  for  use.  Next, 
the  Si  wafer  was  placed  into  the  center  of  a  quartz  tube,  which  was 
then  heated  to  750  °C  under  a  constant  flow  of  H2  gas.  And  the  Si 
wafer  was  first  exposed  to  hydrogen  plasma  for  10  min.  Then,  CH4 
was  flown  into  the  chamber,  and  was  mixed  with  H2  gas  (typically 
specific  flow  ratio  of  CH4  and  H2  is  3/2)  under  a  pressure  of  50  Pa 
and  then  the  condition  was  maintained  for  2  h.  Finally,  the  G3DN 
sample  was  obtained  after  it  cooled  down  to  room  temperature. 

The  as-prepared  G3DN/silicon  wafer  was  cut  into  squares  of 
10  mm  x  10  mm,  and  then  10  pL  of  2.564  mM,  2  x  2.564  mM  and 
20  x  2.564  mM  chloroplatinic  acid  ethanol  solution  were  dropped 
onto  the  squares  respectively,  and  then  they  were  allowed  evapo¬ 
rate  slowly  at  room  temperature  until  they  were  completely  dry. 
Then  these  3  G3DN/silicon  squares  were  calcined  at  400  °C  in  a 
vacuum  tube  furnace  for  10  min  to  thermally  decompose 
H2PtCl6-6H20.  Finally,  the  Pt/G3DN  catalysts  with  Pt  surface  den¬ 
sity  of  0.005  mg  cm”2  (i),  0.01  mg  cm”2  (ii)  and  0.1  mg  cm”2  (iii) 
were  obtained  after  washing  with  deionized  water  and  drying  in 
air.  The  Pt/G3DN  catalyst  electrode  was  obtained  by  connecting  the 
catalyst  square  with  a  copper  wire  using  silver  paste  and  then 
covering  it  with  epoxy  resin,  but  with  5  mm  x  8  mm  area  left  open. 
To  compare  the  catalysis  of  the  Pt  catalyst  supported  on  G3DN/Si 
with  common  Pt  supported  on  graphene  powder,  Pt  supported  on 
CGS/Si  was  prepared  with  a  loading  of  0.01  mg  cm-2  Pt.  The 
fabrication  of  the  Pt  supported  on  CGS/Si  was  carried  out  according 
to  the  following  steps:  a  certain  amount  of  CGS  dispersed  in  ethanol 
solution  was  dropped  onto  a  10  mm  x  10  mm  silicon  sheet,  the 
surface  of  which  was  purposely  made  rough  for  the  graphene 
powder  to  adhere.  10  pL  of  2  x  2.564  mM  chloroplatinic  acid 
ethanol  solution  was  dropped  onto  CGS/Si;  then  the  H2PtCl6  -  6H2O/ 
CGS/Si  was  calcined  to  get  the  Pt/CGS/Si.  To  immobilize  the  Pt/CGS 
nanostructures  on  the  silicon  substrate  and  to  improve  the  anti¬ 
interference  ability,  5  pL  of  0.5  wt%  Nation  was  dropped  onto  the 
surface  of  the  electrode.  Finally,  the  Pt/CGS  electrode  was  obtained 
with  a  Pt  surface  density  of  0.01  mg  cm”2  (iv)  and  had  same 
working  area  following  the  same  process  as  the  Pt/G3DN/Si  elec¬ 
trode  fabrication. 

2.3.  Characterization  of  Pt/G3DN  and  Pt/CGS  catalysts 

Raman  spectra  were  taken  to  characterize  the  G3DN  and  CGS  by 
using  Witec  confocal  Raman  microscopy  (Lab  RAM  HR  Evolution). 
The  morphology  of  the  G3DN,  Pt/G3DN  and  Pt/CGS  were  charac¬ 
terized  by  FESEM  (Nova  400  Nano  SEM)  and  TEM  (JEOL4000EX). 
The  thickness  of  the  Pt/G3DN  and  Pt/CGS  films  were  measured  by 
FESEM  and  the  chemical  compositions  were  analyzed  by  energy- 
dispersive  X-ray  spectroscopy  (EDS,  Oxford). 

2.4.  Electrochemical  measurement 

Electrochemical  measurement  was  carried  out  with  a  conven¬ 
tional  three-electrode  electrochemical  cell  by  using  electro¬ 
chemical  workstation  (CHI  660D).  A  platinum  foil  electrode 
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(15  mm  x  10  mm  x  0.3  mm  in  length,  width  and  thickness)  and  Ag/ 
AgCl  (saturated  KC1)  were  used  as  the  counter  and  reference  elec¬ 
trodes  respectively.  CV  and  LSV  were  conducted  at  a  rate  of 
50  mV  s'1  and  5  mV  s_1  respectively  in  alkaline  or  acidic  aqueous 
solution.  The  chronoamperometry  was  recorded  in  alkaline 
aqueous  solution  at  -0.25  V  or  in  acidic  aqueous  solution  at  0.7  V 
for  2000  s.  The  electrochemical  impedance  spectroscopy  (EIS)  was 
measured  in  0.1  M  Na2S04  aqueous  solution  at  frequency  ranging 
from  0.5  Hz  to  1000,000  Hz  with  amplitude  at  5  mV.  All  the  ex¬ 
periments  were  carried  out  at  room  temperature  (20  °C). 

3.  Results  and  discussion 

3.1.  Characterization 

Raman  spectra  of  the  G3DN  and  CGS  are  shown  in  Fig.  1.  The 
ratios  of  2D  peak  to  G  peak  of  the  two  samples  indicate  few-layer 
graphene.  In  addition,  a  relatively  high  intensity  of  D  peak  of 
G3DN  is  observed,  which  indicates  the  presence  of  a  significant 
number  of  defects  at  the  surface  edges  or  bend  points,  which  might 
be  good  anchoring  sites  for  Pt  nanoparticles. 

The  details  of  the  Pt/G3DN  (ii)  are  characterized  by  TEM  and 
HRTEM  in  Fig.  2a  and  b,  respectively,  which  suggest  a  lot  of  Pt 
single  crystal  particles  with  sizes  ranging  from  3  to  20  nm  on  the 
surface  of  wavy  graphene  network.  Fig.  2c  shows  TEM  image  of 
the  Pt/G3DN  (i),  indicating  more  uniform  Pt  particles  with  sizes 
ranging  from  3  to  10  nm  on  the  surface  of  the  graphene  network. 
Fig.  2d  shows  FESEM  image  of  the  Pt/G3DN  (iii),  indicating  uni¬ 
form  Pt  nanocrystal  particles  with  sizes  ranging  from  10  to 
20  nm.  The  typical  low  magnification  FESEM  image  in  Fig.  3a 
shows  the  uniform  growth  of  the  pure  G3DN,  and  the  high 
magnification  FESEM  image  in  Fig.  3b  shows  that  pure  G3DN  is 
formed  by  a  large  number  of  crisscrossed  wavy  graphene  nano¬ 
sheets  due  to  the  existence  of  a  large  number  of  defects,  which 
agrees  with  the  Raman  spectrum  in  Fig.  1.  The  surface 
morphology  of  the  G3DN  almost  remains  unchanged  after  being 
coated  with  Pt  NPs,  as  shown  in  Fig.  3c.  FESEM  image  in  Fig.  3d 
shows  a  flat  morphology  of  CGS  on  Si  substrate  without  three- 
dimensional  structure.  The  thickness  of  the  Pt/G3DN  (ii)  and 
the  Pt/CGS  are  1  pm  and  60  pm,  respectively  (the  insets  in  Fig.  3c 
and  d).  The  Pt/CGS  is  much  thicker  than  that  of  the  Pt/G3DN  (ii). 
This  thickness  has  to  be  reached  if  Si  substrate  is  fully  covered  by 
the  commercial  graphene  powder  due  to  aggregation  effect  of 
powder.  Both  EDS  results  demonstrate  that  the  contained  ele¬ 
ments  are  platinum  and  carbon  (silicon  and  fluorine  are  from  the 
substrate  and  Nation  respectively). 


Fig.  1.  Raman  spectra  of  the  G3DN  and  CGS. 


3.2.  Electrooxidation  of  methanol  and  ethanol 

The  CVs  taken  in  1.0  M  KOH  for  the  Pt/G3DN/Si  and  Pt/CGS/Si 
electrodes  (with  same  geometric  area)  are  shown  in  Fig.  4.  There 
are  two  peaks  at  -0.741  V  and  -0.656  V  due  to  hydrogen  adsorp¬ 
tion/desorption  for  the  three  Pt/G3DN/Si  electrodes.  Obviously,  the 
peaks  of  the  electrode  (iii)  are  much  stronger  than  that  of  the 
electrode  (ii)  and  electrode  (i)  because  of  more  Pt  loading.  The 
desorption  peaks  of  the  electrode  (ii)  are  stronger  than  that  of  the 
electrode  (iv),  which  suggests  that  the  Pt/G3DN/Si  catalyst  has 
better  catalytic  activity  than  that  of  the  Pt/CGS/Si  catalyst.  The 
electrochemical  active  surface  (EAS)  is  calculated  according  to  the 
area  of  hydrogen  adsorption/desorption  peaks  [24  .  The  EAS  is 
15.39  m2  g-1, 15.64  m2  g_1  and  10.57  m2  g'1  and  14.71  m2  g-1  for 
the  electrode  (i),  (ii),  (iii)  and  (iv)  in  alkaline  media  respectively, 
indicating  a  more  effective  catalysis  of  the  electrode  (ii)  than  that  of 
the  electrode  (iv),  and  a  decrease  in  the  EAS  with  an  increase  in 
platinum  loading.  The  more  effective  catalysis  is  attributed  to 
three-dimensional  network  structure  with  channels  and  pores  on 
the  surface  of  the  electrode,  by  which  liquid  sealing  effect  can  be 
greatly  reduced  and  liquid  fuel  can  easily  diffuse  to  the  catalyst  sites 
and  the  exhaust  of  gaseous  product  (CO2  or  CO)  can  effectively 
escape  from  the  catalyst  sites. 

Fig.  5a  and  b  shows  the  CVs  of  the  ethanol  (Fig.  5a)  and  methanol 
(Fig.  5b)  electrooxidation  on  the  electrode  (i),  (ii),  (iii)  and  (iv)  in 
1.0  M  KOH  aqueous  solution.  For  a  better  comparison,  some  data 
from  the  CVs  are  also  listed  in  ^able  1,  from  which  we  find  that  the 
peak  potential  gets  lower  with  the  decrease  in  platinum  loading  for 
the  electrode  (i),  (ii)  and  (iii).  Though  the  three  Pt/G3DN/Si  elec¬ 
trodes  have  the  same  geometric  working  area,  the  electrode  (ii, 
0.01  mgpt  cnrT2)  has  much  higher  peak  current  density  JP  (versus 
unit  mass  of  Pt)  due  to  its  larger  active  surface  than  other  elec¬ 
trodes.  Obviously,  the  peak  current  density  JP  (versus  unit  area  of 
electrode)  of  the  Pt/G3DN/Si  can  be  quickly  improved  by  increasing 
the  platinum  loading.  That  the  JP  of  the  electrode  (i)  is  less  than  that 
of  the  electrode  (ii)  may  be  a  result  of  easier  hydrocarbon  adsorp¬ 
tion  on  the  electrode  (i),  and  that  the  JP  of  the  electrode  (iii)  is  less 
than  that  of  the  electrode  (ii)  may  be  a  result  of  bigger  size  of  Pt 
particles  (due  to  the  particle  congregation)  on  the  electrode  (iii), 
which  is  consistent  with  the  comparison  of  EAS  (versus  unit  mass  of 
Pt).  Besides,  the  ratio  of  the  peak  current  density  (/f)  in  forward  scan 
to  the  peak  current  density  (Jb)  in  backward  scan,  7f//b,  can  be  used 
to  describe  an  electrode  tolerance  to  the  accumulation  of  carbo¬ 
naceous  species  [25  .  A  higher  ratio  indicates  a  better  oxidation  of 
alcohol  into  CO2  in  forward  scan  and  relatively  less  carbonaceous 
residues  on  the  surface  of  the  electrode.  In  Table  1,  the  ratio  is  3.08, 
2.79  and  2.51  for  the  electrode  (i),  (ii)  and  (iii)  for  the  methanol 
oxidation,  respectively,  indicating  that  the  Pt  loading  on  the  three- 
dimensional  network  structure  presents  a  good  tolerance.  The  ratio 
is  1.04,  0.65  and  0.61  for  the  electrode  (i),  (ii)  and  (iii)  in  the  ethanol 
oxidation  respectively,  indicating  that  smaller  size  of  Pt  particles  on 
the  three-dimensional  network  structure  present  better  tolerance 
to  the  accumulation  of  carbonaceous  species.  Although  the  high  Jf//b 
ratios  are  obtained  for  both  methanol  and  ethanol  electrooxidation 
on  the  electrode  (iv),  the  peak  current  densities  are  very  small 
because  of  its  planar  stacking  of  graphene  sheets. 

To  further  study  the  catalysis,  LSVs  are  conducted  at  very  slow 
potential  scan  rate  of  5  mV  s-1,  as  shown  in  Fig.  5c  and  d  for  ethanol 
and  methanol  respectively.  The  peak  current  densities  on  the  four 
electrodes  are  in  the  order  of  electrode  (ii)  >  (iii)  >  (i)  >  (iv)  for 
methanol  electrooxidation  and  electrode  (ii)  >  (i)  >  (iii)  >  (iv)  for 
ethanol  electrooxidation.  Obviously,  the  electrode  (ii)  exhibits 
extremely  highest  oxidation  current  density  among  these  quasi¬ 
steady-state  polarization  curves.  This  suggests  that  the  three- 
dimensional  network  structure,  size  of  Pt  nanoparticles  and  a 
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Fig.  2.  TEM  (a)  and  HRTEM  (b)  images  of  the  Pt/G3DN  (ii).  TEM  image  (c)  of  the  Pt/G3DN  (i).  FESEM  image  (d)  of  the  Pt/G3DN  (iii). 


proper  amount  of  Pt  loading  can  greatly  enhance  the  electro- 
catalytic  activity  towards  methanol  and  ethanol  oxidation.  The  re¬ 
sults  observed  here  are  in  agreement  with  the  CV  studies,  except 
that  for  the  electrode  (iv)  there  might  exist  a  severe  liquid  sealing 
effect  due  to  its  none  three-dimensional  network  structure. 


The  catalytic  activity  and  stability  of  the  electrode  (i),  (ii),  (ii)  and 
(iv)  for  methanol  and  ethanol  electrooxidation  have  been  investi¬ 
gated  by  chronoamperometries  in  Fig.  5e  and  f,  respectively,  and 
steady  decrease  in  current  are  seen  within  the  first  few  minutes  for 
the  four  electrocatalysts,  followed  by  a  fairly  constant  current  for 


Fig.  3.  FESEM  images  of  the  pure  G3DN  (a,  b),  Pt/G3DN  (ii)  (c)  and  Pt/CGS  (iv)  (d).  The  insets  are  the  corresponding  thickness  and  EDS. 
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Fig.  4.  CVs  of  the  Pt/G3DN  electrode  (i),  (ii),  (iii)  and  Pt/CGS  electrode  (iv)  in  1.0  M  KOH 
aqueous  solution  at  sweep  rate  of  50  mV  s-1. 

longer  time.  Fig.  5e  and  f  reveals  that  the  ultimate  steady  current 
density  for  methanol  electrooxidation  on  the  electrode  (ii)  is 
125.05  mA  mgpt1,  which  is  higher  than  that  on  the  electrode  (i) 
(55.42  mA  mgpt1),  electrode  (iii)  (27.76  mA  mg^1)  and  electrode  (iv) 
(2.67  mA  mgpt1).  Furthermore,  higher  initial  current  means  more 
active  sites  available  for  the  oxidation.  It  is  demonstrated  that 
higher  catalytic  activity  and  better  stability  are  achieved  on  the 
electrode  (ii)  for  the  methanol  electrooxidation. 


Besides,  we  choose  electrode  (ii)  to  measure  its  catalysis  in 
acidic  media,  as  shown  in  Fig.  6.  Though  it  has  similar  EAS  as  that  in 
alkaline  medium,  it  only  shows  the  peak  current  density  of 
93.57  mA  mgpt1  and  141.22  mA  mgpt1,  and  long  term  cycle  stability 
current  density  of  4.00  mA  mgpt1  and  15.80  mA  mgpt1  at  the  2000th 
second  for  the  oxidation  of  methanol  and  ethanol  respectively.  The 
results  reveal  a  poorer  performance  in  acidic  media  than  that  in 
alkaline  media,  which  might  be  attributed  to  the  difficulty  in 
scavenging  CO2  in  acidic  media. 

The  excellent  catalysis  to  electrooxidation  of  methanol  and 
ethanol  on  the  electrode  (ii)  is  caused  from  the  3D  network- 
structure  catalytic  sites  and  the  good  distribution  of  the  Pt  nano¬ 
particles  on  this  structure,  as  shown  in  Fig.  7.  On  the  other  hand,  the 
wavy  channels  in  the  electrode  (ii)  also  improve  the  diffusion  of 
liquid  reactants  into  the  catalyst  sites  and  result  in  reduction  of 
liquid  sealing  effect  greatly.  The  reduction  of  liquid  sealing  effect  in 
turn  increases  the  active  surface  area  for  electrochemical  reactions 
[26].  Furthermore,  the  CO  tolerance  of  Pt  can  be  improved  by 
relaxing  the  strong  CO  adsorption  on  Pt  due  to  the  interaction  be¬ 
tween  Pt  and  graphene  [22  . 

It  is  well  known  that  the  electrochemical  impedance  spectros¬ 
copy  (EIS)  technique  is  a  powerful  tool  for  characterizing  the 
electrochemical  processes  occurring  at  the  solution/electrode 
interface.  Fig.  8  presents  Nyquist  plots  for  the  electrode  (i),  (ii),  (iii) 
and  (iv)  in  0.1  M  Na2S04  at  frequency  ranging  from  0.5  Hz  to 


Potential  /  V 


Potential  /  V 


Fig.  5.  CVs  of  the  Pt/G3DN  electrode  (i),  (ii),  (iii)  and  Pt/CGS  electrode  (iv)  in  1.0  M  KOH  aqueous  solution  containing  1.0  M  ethanol  (a)  or  1.0  M  methanol  (b)  at  sweep  rate  of 
50  mV  s"1.  The  corresponding  LSVs  for  the  ethanol  (c)  or  methanol  (d)  oxidation  measured  at  sweep  rate  of  5  mV  s'1.  The  corresponding  chronoamperometry  diagrams  measured 
at  -0.3  V  for  the  ethanol  oxidation  (e)  or  -0.25  V  for  the  methanol  oxidation  (f)  for  2000  s. 
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Table  1 

Comparison  of  the  performance  of  the  three  Pt/G3DN/Si  electrodes  and  Pt/CGS/Si  electrode. 


Electrodes 

Peak  potential  (V) 

JP  (mA  mgpt1) 

Jp  (mA  cm  2) 

/f//b  ratio 

Methanol 

Ethanol 

Methanol 

Ethanol 

Methanol 

Ethanol 

Methanol 

Ethanol 

i  (alkaline) 

-0.27 

-0.31 

388.63 

181.26 

1.94 

0.91 

3.08 

1.04 

ii  (alkaline) 

-0.22 

-0.27 

910.11 

246.69 

9.10 

2.47 

2.79 

0.65 

iii  (alkaline) 

-0.16 

-0.27 

634.71 

79.06 

63.47 

7.91 

2.51 

0.61 

iv  (alkaline) 

-0.21 

-0.24 

61.79 

43.01 

0.62 

0.43 

2.98 

1.47 

ii  (acidic) 

0.65 

0.70 

93.31 

141.42 

0.93 

1.41 

1.28 

0.88 

J _ i _ l _ i _ l _ i _ l _ i _ l _ i _ 

0  500  1000  1500  2000  2500 


Time  /  S 


Fig.  6.  CVs  of  the  Pt/G3DN  electrode  (ii)  in  0.5  M  H2S04  aqueous  solution  (a),  0.5  M  H2S04  aqueous  solution  containing  1.0  M  ethanol  or  1.0  M  methanol  (b)  at  sweep  rate  of 
50  mV  s-1.  The  corresponding  LSVs  measured  at  sweep  rate  of  5  mV  s_1  (c).  The  corresponding  chronoamperometry  diagrams  measured  at  0.7  V  for  2000  s  (d). 


1000  kHz.  The  Nyquist  plot  includes  a  semicircle  region  lying  on  the 
Z'-axis  at  higher  frequency  (it  is  related  to  the  electron-transfer- 
limited  process),  and  a  linear  part  at  lower  frequency  (it  is  related 
to  the  diffusion  limited  process).  Usually,  the  semicircle  diameter 


equals  to  the  electron-transfer  resistance,  which  is  obviously 
affected  by  the  surface  modification  of  the  electrode  [27].  As  shown 
in  Fig.  8,  the  electron-transfer  resistance  of  the  three  Pt/G3DN 
electrodes  are  much  less  than  that  of  the  Pt/CGS  electrode, 


Fig.  7.  Schematic  diagram  of  the  Pt/G3DN  catalyst  with  3D  platinum  distribution  that  improves  the  diffusion  of  liquid  reactants  into  the  catalyst  sites  and  reduces  liquid  sealing 
effect. 
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Fig.  8.  Magnified  Nyquist  plot  at  high  frequency  of  the  G3DN,  Pt/G3DN  electrode  (i), 
(ii),  (iii)  and  Pt/CGS  electrode  (iv),  and  Nyquist  plot  (inset). 

indicating  that  the  three-dimensional  network  structure  can 
enhance  the  conductivity  of  the  electrode  owing  to  its  better  con¬ 
tact  with  Si  substrate,  and  to  its  less  thickness  for  faster  interfacial 
charge  carrier  transfer  in  comparison  with  the  CGS.  Besides,  the 
electron-transfer  resistance  of  the  three  Pt/G3DN  electrodes  is  very 
close  to  that  of  the  pure  G3DN  electrode,  and  the  electron-transfer 
resistance  decrease  with  an  increase  in  platinum  loading.  Con¬ 
ductivity  and  surface  activity  are  two  important  factors  for  a  good 
analytical  electrode  [28,29].  As  the  wavy  nanosheet  structure  not 
only  provides  the  network  channels  for  a  better  diffusion  of  liquid 
reactants  into  the  catalyst  sites,  but  also  retains  faster  electron- 
transfer  speed  on  the  interface  between  liquid  and  electrode,  the 
Pt/G3DN  electrode  (ii)  possesses  excellent  performance  in  elec¬ 
trooxidation  of  methanol. 

4.  Conclusions 

A  repeatable,  simple,  convenient,  feasible  and  environmentally 
friendly  approach  has  been  employed  to  fabricate  a  Pt/G3DN 
catalyst  electrode  with  controllable  platinum  loading  for  alcohol 
fuel  cells.  The  three-dimensional  nanosheet  network  structure  of 
Pt/G3DN  catalyst  electrode  exhibits  a  highly  catalytic  oxidation 
activity  for  methanol  and  ethanol  in  alkaline  solution.  The  series  of 
electrochemical  measurement  demonstrate  that  both  the  wavy 
network  channels  for  a  better  diffusion  of  liquid  fuel  into  the 
catalyst  sites  and  the  faster  electron  transfer  on  the  interface  be¬ 
tween  liquid  and  electrode  are  very  important  for  the  promotion  of 
methanol  and  ethanol  electrooxidation.  Our  investigations  suggest 
that  the  Pt/G3DN  (0.01  mgPt  cm-2)  electrocatalyst  could  be  adopted 
as  excellent  catalyst  in  DAFCs,  owing  to  its  superior  electrocatalytic 
current  density  of  910.11  mA  mgpt1  and  246.69  mA  mgpt1,  long  term 
cycle  stability,  and  large  /f/Jb  ratio  for  the  oxidation  of  methanol  and 
ethanol  respectively,  while  the  Pt/CGS  exhibits  poorer  catalytic 


performance.  In  addition,  the  peak  current  density  (versus  unit  area 
of  electrode)  of  the  Pt/G3DN/Si  electrode  can  be  greatly  improved 
by  increasing  the  platinum  loading. 
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